Oncolytic virotherapy is a potential treatment modality under investigation for various malignancies including malignant brain tumors. Unlike some other natural or modified viruses that show oncolytic activity against cerebral neoplasms, the rodent parvovirus H-1 (H-1PV) is completely apathogenic in humans. H-1PV efficiently kills a number of tumor cells without harm to corresponding normal ones. In this study, the concept of H-1PV-based virotherapy of glioma was tested for rat (RG-2 cell-derived) and for human (U87 cell-derived) gliomas in immunocompetent and immunodeficient rat models, respectively. Large orthotopic rat and human glioma cell-derived tumors were treated with either single stereotactic intratumoral or multiple intravenous (iv) H-1PV injections. Oncolysis was monitored by magnetic resonance imaging and proven by histology. Virus distribution and replication were determined in brain and organs. In immunocompetent rats bearing RG-2-derived tumors, a single stereotactic intratumoral injection of H-1PV and multiple systemic (iv) applications of the virus were sufficient for remission of advanced and even symptomatic intracranial gliomas without damaging normal brain tissue or other organs. H-1PV therapy resulted in significantly improved survival (Kaplan-Meier analysis) in both the rat and human glioma models. Virus replication in tumors indicated a contribution of secondary infection by progeny virus to the efficiency of oncolysis. Virus replication was restricted to tumors, although H-1PV DNA could be detected transiently in adjacent or remote normal brain tissue and in noncerebral tissues. The results presented here and the innocuousness of H-1PV for humans argue for the use of H-1PV as a powerful means to perform oncolytic therapy of malignant gliomas.
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Keywords: cathepsin, glioma, oncolytic virus, parvovirus H-1, virotherapy. M alignant brain tumors of glial origin are almost always fatal, and only 50% of patients survive the first year after the diagnosis has been established. Recent modifications of standard treatments, including tumor removal, radiation therapy, and chemotherapy, have only led to a modest improvement in the outcome of the disease.
1,2 Therefore, oncolytic viruses have been investigated, among others, as a novel and promising treatment modality for malignant brain tumors. The panel of candidate viruses includes genetically modified viruses, such as herpesvirus, poliovirus, or adenoviruses, and wild-type viruses, such as reovirus, myxoma virus, vaccinia virus, vesicular stomatitis virus (VSV), or Newcastle disease virus. 3, 4 In addition to intratumoral application, systemic therapy was shown to impair glioma growth using VSV. 5, 6 Another promising candidate virus, the rodent parvovirus H-1 (H-1PV), exerts cytotoxic effects that are targeted at a number of neoplastic (including glioma) cells while being innocuous for normal (nontransformed) corresponding cells. 7, 8 Though the virus can enter most nontransformed (normal) cells, infection is abortive and fails to produce progeny virions. 9 In contrast, in many malignant cells or in cells transformed by various means, H-1PV infection leads to cell killing, which is not observed in the corresponding nontransformed cells, and can be productive. 10, 11 The enhanced permissiveness of transformed cells for H-1PV was shown to be due at least in part to changes in factors associated with (i) cell cycling and differentiation 8, 9, 12 and (ii) controlling viral DNA replication and gene expression. H-1PV is able to kill malignant brain tumor cells that are resistant to apoptosis-inducing agents like TRAIL or chemotherapeutics. This killing effect on human glioma cells was attributed to the initiation of autophagy followed by the relocation and activation of intracellular cathepsins. 13 H-1PV is able to induce viremia after experimental infection of humans, yet there is no evidence for an association between any human disease and a previous infection with H-1PV. 7, 14, 15 Previously, we reported the high susceptibility of human and rat glioma cells in culture to the cytotoxic effects of wild-type H-1PV. 16 In order to evaluate the anticancer potency of H-1PV in vivo, we analyzed in the present work the oncosuppressive effect of this virus in orthotopic rat models of malignant glioma derived from implanted rat RG-2 cells 17 or human U87 cells. The response of brain tumors was monitored by magnetic resonance imaging (MRI). On the basis of initial findings that H-1PV is able to cross the blood -brain barrier in healthy animals, we used both local and systemic routes of virus application. The data show that injection of H-1PV through either route can induce regression of gliomas without adverse side effects. This proof of concept study makes H-1PV a promising candidate for oncolytic virotherapy of gliomas, particularly as previous studies show no pathogenicity of this virus in humans. 14 
Materials and Methods

Cells
The rat glioblastoma cell line RG-2 (kindly provided by C. Walz, University of Magdeburg, Germany) and cells of the human glioblastoma line U87 (obtained from the DKFZ Tumorbank) were grown in DMEM (Sigma-Aldrich) supplemented with 10% FCS (Biochrom KG) and 1% antibiotics (penicillin, streptomycin; Gibco, Invitrogen Corporation) in a 5% CO 2 humidified atmosphere at 378C. Exponentially growing cells to be injected in rat brains were trypsinized and centrifuged (146 g/10 min), and the pellet was resuspended in DMEM without supplements.
H-1PV Production and Infection
H-1PV was amplified in human NBK cells and purified on iodexanol gradients as described previously. 13 H-1PV was titrated on NBK indicator cells by plaque assay and further used at multiplicities of infections expressed in plaque-forming units (pfu) per cell.
Animal Experiments
All animal experiments were carried out in accordance with institutional and state guidelines.
Intracerebral Implantation of Tumor Cells
RG-2 model. Female Wistar inbred rats (Charles River) were anesthetized with Isoflurane (2.5% and 1.6% as initial and maintenance doses, respectively) and mounted to a stereotactic frame. After linear scalp incision, a 0.5-mm burr hole was made 2 mm right of the midline and 1 mm anterior to the coronal suture. The needle of a 10-mL Hamilton syringe was stereotactically introduced through the burr hole into the frontal lobe at a depth of 5 mm below the level of the dura mater, and RG-2 glioma cells (3000 cells in a volume of 3 mL) were injected over 3 minutes. The needle was withdrawn slowly to minimize spreading of tumor cells along the needle tract.
U87 (a human glioma cell line) model. Immunodeficient RNU rats (Charles River) were anesthetized as described above and placed in a stereotactic frame. A burr hole was made at the same coordinates and 1 Â 10 5 U87 cells in a volume of 5 mL were injected 5 mm below the level of the dura mater over 5 minutes. The needle was left in place for 2 minutes and withdrawn at a speed of 1 mm/min.
Intracranial Stereotactic Infection of RG-2 Gliomas with H-1PV
Animals harboring large gliomas exceeding 170 mm 3 in size (determined by MRI analysis, see below) were infected with H-1PV by stereotactic injection of the virus into the tumor. After guiding the injection cannula to the same coordinates, the H-1PV inoculum (14 mL; 1.4 Â 10 7 pfu) was applied in fractions of 2 mL to different locations within the tumor by gradually reducing the depth of injection from the most basal tumor margin visualized by MRI.
Intravenous Infection of RG-2 Glioma-Bearing Animals with H-1PV
After confirmation of intracerebral tumor growth (size: .100 mm 3 ) by MRI, animals were injected with H-1PV in the tail vein. The volume of injection was 100 mL (corresponding to a dose of 1 Â 10 8 pfu) on day 1 of treatment, and 50 mL (5 Â 10 7 pfu) on the following days. Animals were treated with 8 or 12 injections on days 1-8 or days 1-12, respectively. MRI was performed to monitor the therapeutic effect.
Infection of U87 Glioma-Bearing Animals with H-1PV
RNU rats with U87 xenografts were treated with H-1PV through multiple injections. The first application used both the intracranial (ic) (10 mL) and intravenous (iv) (190 mL) routes, and for subsequent applications (at 4-day intervals) the iv route only (100 mL). The total dose of H-1PV per animal was 6 Â 10 9 pfu. In one group of animals, the treatment was initiated when gliomas were small, but clearly visible ("early" infection). In a second group, animals with larger tumors were treated with H-1PV at a later time point ("late" infection). The control group consisted of mock-treated animals with tumors of respective sizes, and animals were randomly assigned to receive virus or mock treatment.
Magnetic Resonance Imaging
The animals were examined in a 2.45-T MRI scanner (Bruker) using T1-weighted imaging before and after injection of 0.4 mL contrast medium (Gadodiamide, Omniscan, Amersham) into the tail vein. Gadodiamideenhanced T1 imaging was performed 5 minutes after injection. During MR examination, rats were anesthetized by isoflurane insufflation (initial dose 2.5%, maintenance 1.6%). Tumor volumes were determined using MRIcro software (www.mricro.com). 18 
Statistics
Survival times of treated and control animals were statistically analyzed using methods for censored failure times for carcinogenicity experiments. 19 The survival curves were described by the Kaplan-Meier method, and the time course of the number of animals at risk was reported there as well. Prior to starting the experiments, it was planned to serially sacrifice animals from the experimental group, based on MRI, in order to get additional pathological information. Survival times of treated animals sacrificed for analysis were therefore censored at the date of sacrifice. For comparing the survival times in the H1PV treated (ic or iv) versus the control animals, we used the log rank test for censored survival times. Statistical significance was reported as P value and stated as significant if P , .05.
Tissue Preparation
Animals were killed with CO 2 at different times after injection of H-1PV. Organs were removed and either fixed in formalin and embedded in paraffin for histological analysis, or frozen at 21928C (liquid nitrogen) after immersion in freezing medium for cryosections (TissueFreezing Medium, Jung) or as tissue samples.
DNA and RNA Extraction from Tissue Samples
Specimens from brain (normal tissue and tumor) and from various organs (heart, lung, liver, spleen, and kidney) were shock-frozen in liquid nitrogen. Isolation of DNA was done using the High-pure PCR Template Preparation Kit (Roche Diagnostics GmbH). The extracted DNA was either used immediately for PCR analysis or stored at 2208C.
RNA was isolated using the High-pure RNA Tissue Kit (Roche Diagnostics GmbH). Eluted RNA was analyzed immediately (RT -PCR) or stored at 2808C for further analysis.
PCR Analyses
For PCR analysis of H-1PV DNA, Supermix (Invitrogen) was used. PCR was performed with the following primers: sense primer, , the same primers were used. As these primers anneal to exon sequences flanking a small intron, 2 different products were amplified whenever contaminating DNA was present in the RNA sample: the product amplified from cDNA deriving from the reverse transcribed intronless mRNA and a slightly larger product generated from (contaminating) DNA.
Immunohistochemistry
For immunostaining of the parvoviral NS-1 protein, deparaffinated and appropriately blocked 12 mm sections mounted on slides were incubated for 12 hours with the monoclonal NS-1-specific antibody 3d9 (courtesy of N. Salomé) and an Alexa Fluor-conjugated donkey anti-mouse secondary antibody (Invitrogen), and were counterstained with DAPI (Sigma). For cathepsin B immunostaining, the specific clone CB 59-4B11 (courtesy of E. Weber, Halle, Germany) and an antirabbit Cy3-conjugated antibody (Santa Cruz) were used as primary and secondary antibodies, respectively. Slides were analyzed with a DM-RBE automated fluorescence microscope (Leica), and images were processed using the Openlab software (Improvision).
Detection of Progeny Virus in Brain Tissue
Tumor bearing and control (glioma-free) animals were injected intracranially with H-1PV as described above. Two days post-infection (p.i.), the animals were sacrificed, brains were removed surgically, and equal volumes of brain samples were homogenized in 2 mL PBS per brain sample, in the presence of Matrix-D beads (Q-Biogene, 2 Â 40 seconds, speed 4). Four milliliters of washing solution (PBS) were added, followed by centrifugation for 10 minutes at 1310 g. This supernatant was filtered through 0.45 nm filters and used in serial dilutions (1:10 steps) for infection of RG-2 indicator cells.
Quantification of Neutralizing Antibodies
Blood samples were obtained from Wistar rats at different time points after H-1 virus infection. Whole blood was centrifuged (582 g/10 min) and the serum was diluted in serum-free MEM (10 21 to 10 28 ). Each dilution was mixed with H-1PV (8 Â 10 4 pfu in a volume of 20 mL) and incubated for 30 minutes at room temperature. Semiconfluent NBK cells in 96-well dishes (8 Â 10 3 cells/well) were incubated with the serum/ virus mixture for 20 minutes. Then, medium (MEM containing 5% heat-inactivated FCS and 1% penicillinstreptomycin) was added to the wells, the cells were incubated for 72 hours at 378C, and inhibition of viral CPE was analyzed by measuring cell viability (MTT test). The virus-neutralizing antibody titer was defined as the dilution of serum that protected 50% of the NBK cells from the virus-induced cytopathic effects. 21 
Cell Proliferation Assay (MTT Test)
Proliferation of indicator cells was measured using the MTT test. In brief, MTT (3-[4,5 dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide, Sigma-Aldrich) stock solution (5 mg/mL) was added at a 1:10 dilution to each well containing NBK cells, and cultures were incubated for 3.5 hours at 378C. The medium was removed and the converted dye was solubilized with acidic isopropanol (100 mL). Extinction values were measured with a Multiskan EX (Thermo Electron Corporation) at 570 nm.
Results
Oncolytic Virotherapy of RG-2 Gliomas by Intratumoral Injection of H-1PV
To analyze the oncosuppressive effect of H-1PV, we first used an established immunocompetent rat model of advanced malignant glioma growing from stereotactic ic implantation of rat RG-2 cells. 17 Tumor growth was monitored by MRI, revealing the development of a contrast medium enhancing intracerebral mass detectable when the tumor volume reached 30 mm 3 . Animals harboring gliomas larger than 170 mm 3 in size were infected with H-1PV by stereotactic injection of virus into the tumor. As the rate of tumor growth varied between individual animals, the time of H-1PV treatment was based on tumor size (measured by MRI 18 ) and not on days after tumor cell implantation (average time after tumor cell implantation: 16.5 days; average tumor size: 268 mm 3 ). In these experiments, different virus preparations were used and standardized to the same titer prior to injection. In previous experiments, stereotactic injection of this virus dose into the brain of nontumor bearing animals did not induce any pathological alterations (data not shown).
Using this individualized approach, 12 tumor-bearing animals were treated with stereotactic injection of H-1PV in the tumor, and tumor growth was compared with untreated controls (n ¼ 12). The experiments were carried out in groups of 4 animals each. The experimental setup allowed for follow-up MRI examinations and individualized timing of H-1PV treatment based on MRI findings for each animal. All control animals had to be sacrificed between days 14 and 22 after tumor implantation, when tumor volumes exceeded 450 mm 3 and animals showed symptoms of raised ic pressure.
Among the H-1PV-treated animals, 8 of 12 rats responded with a progressive reduction in tumor size and changes in tumor morphology on MRI as early as 3 days after treatment. As shown in Figs. 1 (A2) and 3 (C and I), the intensity of contrast enhancement in virus-injected central areas of the tumors was reduced. The animals in Fig. 3 were sacrificed (6 days p.i., animal #74 and 3 days p.i., animal #61) to make tissue sections available for histological analysis. As shown in Fig. 3 (D, E, J, and K), the area of reduced contrast enhancement corresponded to large necrotic areas in the tissue (H&E staining). Four of the 8 responding animals had complete tumor remission (exemplified for animal #100 in Fig. 1 ) and have survived for more than 1 year, without any remaining or recurrent tumor tissue. The other 4 of the responding 8 animals were sacrificed for further analysis at a stage of tumor regression ranging from 30% to 70% compared with maximum tumor volume on MRI. All of these animals were without clinical symptoms at the time (see Fig. 3 showing animals #74 and #61 with different degrees of antitumor response). When present at the time of virus injection, tumor-associated clinical symptoms (apathy, absent grooming, reduced arousal, and loss of body weight) resolved in the case of successful viral therapy. Four of the 12 treated rats showed continuous tumor growth on follow-up MRI and had to be sacrificed between days 17 and 24 after tumor cell implantation, like control animals. However, also in these animals, the injected tumors showed areas of clear oncolytic effects similar to the changes in regressing tumors ( Fig. 3J and K) .
Statistical comparison revealed that injection of H-1PV into advanced RG-2 gliomas resulted in significantly longer survival compared with control animals (P , .001; Fig. 2 ) for ic treatment as well as for iv treatment.
Histological analyses showed extensive destruction of the tumor without any pathological alteration of the surrounding normal brain tissue and only minor signs of inflammation (Fig. 3) . Paralleling our recent results on the role of activation of cathepsin B in the oncolytic effect of H-1PV in vitro, 13 sections of injected tissues showed activation of cathepsin B expression only in H-1PV-infected tumor cells (Fig. 4, Panel 4) , indicating a nonapoptotic death process. As shown in Fig. 4A , parvoviral DNA could be detected in the tumor tissue and in peritumoral brain tissue 48 hours p.i. The spreading of the virus appeared to increase after 72 hours when viral DNA could additionally be detected in the contralateral brain hemisphere, in the cerebellum, and in distant organs (heart, lung, liver, spleen, and kidney), yet only transiently since no viral DNA could be revealed in any tissue 2 weeks p.i. (Table 1 ). Viral transcripts and proteins could be detected in (residual) tumor tissue by RT -PCR and immunohistochemical analyses (presence of the viral NS protein), respectively. However, parvovirus transcription and accumulation of the replicative cytotoxic nonstructural viral protein NS-1 were restricted to the tumor remnants and undetectable in surrounding normal tissues (Fig. 4, Panel 2) , arguing for the selective replication of the virus in tumor cells. This was confirmed by testing virus multiplication after injection of H-1PV in tumor bearing and control rat brains. The yield of infectious virus isolated from the brain 2 days after H-1PV injection was 2 orders of magnitude higher in extracts from H-1PV-treated tumor-bearing animals compared with brain extracts from control animals lacking tumor cells, injected with the same amount of virus (data not shown). Obviously, tumor tissue supported virus replication and the release of progeny virus, resulting in viremia and uptake of progeny particles at extratumoral sites, yet without further virus replication at these sites.
Oncolytic Virotherapy of RG-2 Gliomas by iv Injection of H-1PV
On the basis of the finding that H-1PV was able to permeate the blood -brain barrier, 9 animals with RG-2 gliomas exceeding 100 mm 3 in size received iv injections of the virus to assess whether sufficient amounts of virus particles could also be delivered to the tumor via this route of administration. Animals were treated with 8 or 12 injections on 8-12 consecutive days (1 Â 10 8 pfu on day 1; 5 Â 10 7 pfu on the following days). It is noteworthy that H-1PV-neutralizing serum antibodies appeared 5-7 days after iv (or ic) injection of the virus (data not shown). In 6 of 9 treated animals, tumors regressed completely even when the treatment was reduced from 12 to 8 injections. MRI analyses between 2 and 3 weeks after initiation of treatment showed no remaining tumor tissue in these animals. None of these animals have developed recurrent tumor growth during an observation period of 6 months after the treatment. Like intratumoral treatment, iv injection of H-1PV significantly improved survival of gliomabearing animals (P , .001; Fig. 2 ) and did not induce any side effects in other organs. Three days after iv infection, viral NS-1 protein expression was only observed in tumor tissue but not in adjacent brain cells (Fig. 4) . As in the case of intracerebral injection of H-1PV, iv application resulted in detection of viral DNA in the tumor and various organs, including the contralateral hemisphere of the brain, spleen, liver, and lung (M. Friedel, unpublished thesis). Viral DNA first appeared in brain, liver, and spleen, and gradually declined starting from approximately 1 week p.i. and eventually disappeared from all tissues. Altogether, these data demonstrate that iv-administered H-1PV is able to cross the blood -brain barrier, reach gliomas, and become amplified in these tumors.
Oncolytic H-1PV Therapy of U87 Glioma Xenografts
In order to test the activity of H-1PV in human gliomas, we established tumors derived from the human U87 glioma cell line in immunodeficient rats (RNU). H-1PV treatment was administered by combined ic and iv virus injection either at an early time point of tumor development (small tumors, 6 animals) or at a later stage (larger tumors, 6 animals), on the basis of MRI (designated in Fig. 5 as "early" and "late" infection, respectively). In order to substantiate viral oncolytic effects detected by MRI, treated animals were sacrificed at different time points (28, 41, 42, or 60 days after tumor cell implantation). At the time of killing, no pathological signs were detectable in infected animals, which appeared healthy, were active, and continued to gain body weight. This contrasted with uninfected control animals, which survived 21 days maximum after tumor cell implantation. In the "early infection" group, H&E staining of brain cryosections from H-1PV-treated animals showed evidence of tumor destruction on day 28 after tumor cell implantation and complete elimination of tumor tissue from day 42 on (data not shown), confirming radiological findings by MRI. In the "late infection" group, tumor regression was not complete (Fig. 5 ), yet tumor growth fully stopped, and all animals survived until they were sacrificed for analytical purposes. Both early and late H-1PV treatments resulted in a significantly prolonged survival of animals with human glioma xenografts. In infected rats, expression of the cytotoxic parvoviral NS-1 protein could be detected by immunofluorescence (Fig. 5 ) in necrotic tumor areas but not in the surrounding normal brain tissue, confirming above observations in immunocompetent animals.
Discussion
The goal of this study was to determine the oncolytic efficiency of H-1PV against intracerebral gliomas in animal models. The data show the capacity of H-1PV to eliminate even advanced and symptomatic glioma xenografts in the absence of pathogenic effects on normal tissues, including adjacent brain areas. This is in line with the innocuousness of H-1PV for adult rats in natural infections. 22 In most studies of virus-based local therapy of ic gliomas, the treatment was initiated within only a few days after tumor cell implantation. 23 -27 Recently, a prolonged survival of symptomatic animals after viral therapy with an oncolytic herpesvirus was reported. 28 Although in this setting the virus (HSV-1) was able to cure animals when administered 14 days after tumor implantation, it prolonged survival, but failed to eradicate the tumor in cases of advanced and symptomatic disease after 19 days. Also in the models used for iv treatment of gliomas with VSV, the lethal effect of the virus prevented assessment of long-term survival. As shown here for oncolytic parvo-(H-1PV)virotherapy, a complete cure of animals symptomatic from gliomas at late tumor stages could be achieved, resulting in long-term survival.
The efficiency of H-1PV in inducing glioma regression is likely to be boosted by an increase in the initial virus dose as a result of the replication of input virus in primarily infected tumor cells, followed by spreading of progeny virus to and secondary infection of remaining tumor cells. In keeping with this mechanism, H-1PV DNA, transcripts, and proteins (in particular the nonstructural viral products driving replication) accumulated in the tumor (remnants), starting from a few days after virus injection. Furthermore, indication of transient viremia originating from the tumor was given by the time-dependent transfer of viral DNA to nontumoral tissues, first in the periphery of the lesion and subsequently in distant organs. Infection of nontumoral tissues appeared to be cryptic as no H-1PV gene expression could be detected even when these tissues tested positive for the presence of viral DNA, which vanished within 2 weeks p.i. This specificity of H-1PV replication and cytopathogenicity for neoplastic tissues, in particular gliomas, shows that the parvovirus keeps under in vivo conditions the oncotropism that it displays in cell cultures. 13, 16 The spreading of the virus through the brain and to other organs could be of therapeutic Values below the plot give the numbers of animals at risk, equivalent to surviving animals on the respective days. The difference between the treated groups and the controls was statistically significant (log rank test: P , .001) both for ic and iv. See also the "Materials and Methods" section.
significance. One main obstacle in the treatment of malignant gliomas lies in the early migration of tumor cells away from the primary tumor site, resulting in reduced accessibility for local therapies. Secondary rounds of infection by oncolytic viruses without further spreading of progeny particles beyond the margins of the tumor might therefore not be sufficient for successful virotherapy.
An additional advantage of H-1PV lies in its ability to circumvent the mechanisms allowing glioma cells to resist other cytotoxic agents. This feature was traced back to the capacity of the parvovirus to activate a nonconventional, cathepsin-mediated death pathway as recently demonstrated in cultures of H-1PV-infected glioma cells. 13 The selective up-regulation of cathepsin B in tumor tissues of animals treated with H-1PV is in line with these in vitro findings and is most likely induced by the virus. However, the detailed analysis of death pathways after H-1PV infection in vivo was beyond the scope of this proof of concept study.
The antiglioma effect of H-1PV could be achieved both by direct ic injection of the virus inoculum into the tumor and by repeated iv injection. This study shows for the first time the capacity of H-1PV to cross the blood-brain barrier and target and destroy ic gliomas. To achieve this effect, the virus dose was 50-fold higher than by stereotactic treatment, and even this high concentration of viral particles did not cause any side effects in treated animals. H-1PV infection resulted in oncolytic effects within the tumor in all animals with progressing gliomas. As obviously not all animals could be cured with either local or systemic therapy, the current methodology may be further improved, for example, by administering the virus through intratumoral convection-enhanced delivery, by further increasing the virus dose, or by combining intratumoral and systemic virotherapy. This possibility for the combination of local and systemic H-1PV application could be a major advantage for future therapy.
The RG-2 model system used in this study allowed viral therapy to be assessed in immunocompetent animals, mimicking in this regard the patient's situation. This setup raises the question of the possible involvement of the immune system in the tumor suppression observed. In our study, implantation of only 3000 RG-2 glioma cells led to the development of a lethal brain tumor in all untreated animals and even in some of the rats that received H-1PV therapy. This is in contrast to Mariani et al. 29 who showed spontaneous regression of RG-2 tumors in this system, correlating with the occurrence of antitumor immune responses. Under our experimental conditions, glioma suppression proved to fully depend on H-1PV infection and to be associated with the expression of viral cytotoxic proteins in regressing tumor areas. Infection of large tumors with subsequent virus production and spreading within the brain and to other organs did not lead to inflammatory changes or related pathology. No obvious infiltration of treated tumors with immune cells was noticed in histological sections. In particular, the number of CD3-positive cells in the tumor area (cryosections) of glioma-bearing rats did not differ significantly between H-1PV and mock-treated animals (11 days post-tumor cell implantation, 4 days p.i.; data not shown). The possibility still needs to be considered that oncolytic H-1PV serves, at least in part, as an adjuvant to promote anticancer vaccination through the release of tumor-associated antigens and additional immunostimulating activities. 30 In keeping with this possibility, a tumor challenge of all 4 cured animals 1 year after successful treatment failed to result in the development of RG-2 gliomas even when cells were injected in 30-fold greater numbers into the contralateral hemisphere (data not shown). Investigations addressing this observation are currently in progress to assess the capacity of the immune system to take over from the initial oncolytic activity of H-1PV and complete tumor eradication. It should, however, be stated that H-1PV treatment leads to oncolysis and prolonged survival without side effects in immunodeficient animals bearing human glioma xenografts, pointing to the fact that an adaptive cellmediated immune response is not an absolute prerequisite for H-1PV-induced glioma suppression.
In conclusion, this study produces proof of the concept that H-1PV can be used as an efficient and safe oncolytic virus for glioma treatment in humans using different routes of infection. Although this study was not designed to determine the minimum efficient dose of the virus, it can serve as a basis to calculate the dose range to be administered to humans, by considering a rat to human body weight ratio of 1:300. The titers calculated in this way can be achieved using the H-1PV production system presently available. It should also be noted that, in a previous trial, the inoculation of cancer patients with H-1PV was found to be devoid of significant harmful side effects. 14 In this pilot study, purified virus was injected in accessible skin metastases from different kinds of primary solid tumors. Each patient received 2 or 3 injections of H-1PV, at intervals of 10 days. Single doses administered ranged from 10 8 to 10 10 pfu. Toxicity was absent or mild, and a maximal tolerated dose was not reached. The presence of H-1PV could be demonstrated by a transient viremia and seroconversion as well as by in situ virus replication in neoplastic lesions. This innocuousness of H-1PV to humans, together with the fact that preexisting antiviral immunity (a possible reason for a low efficiency of virus-based treatments) is rare or even nonexistent in the case of H-1PV in the human population, 7 render this parvovirus a very promising candidate for virotherapy.
Altogether, the data presented and discussed in this study lay the foundation for the initiation of a phase I/ IIa clinical trial using H-1PV as a novel therapeutic agent for the treatment of patients with high-grade gliomas. Early and late infections refer to the time of virus administration relative to tumor development, corresponding to the treatment of small and large tumors, respectively (see main text). All untreated animals had to be sacrificed because of tumor progression, at the latest on day 21 after tumor cell implantation. All treated animals were killed at various times p.i. for analyses of tumors size and histology. All but one of the treated animals, killed on day 19, survived longer than the controls and were sacrificed for analyses on days indicated separately for early and late infection by vertical bars on the two 100% survival probability lines (horizontal lines at 1.0) representing the survival of the 2 treatment groups. One animal (*) survived for more than 8 months.
